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Abstract—In low-speed sensorless control of Surface Mounted 
Permanent Magnet Synchronous Machine (SPMSM), High 
Frequency (HF) signal injection methods are often used to 
estimate the rotor position by tracking the motor saliency 
characterized by the inductances. Cross-saturation effects caused 
by the load current will influence the inductances and 
consequently the saliency, which will introduce position 
estimation error to the sensorless drive, degrading the drive 
performance. Such load-dependent position estimation error, 
which is inherent in HF signal injection sensorless methods, is 
difficult to be identified by the sensorless algorithm itself. This 
paper proposes a new online method to detect and compensate the 
load-dependent position estimation error for SPMSM without 
additional devices or the knowledge of the load-dependent HF 
inductances. The proposed method can identify effectively the 
load-dependent position estimation error by simply varying the 
direction of the current vector. Experimental results are 
presented to validate the proposed solution. 
Keywords—SPMSM, sensorless, position estimation error 
compensation. 
I. INTRODUCTION 
In Surface Mounted Permanent Magnet Synchronous 
Machine (SPMSM) drive systems, it is preferred to employ 
sensorless methods to reduce the cost and increase the reliability 
[1]. Sensorless methods are often categorized by the operating 
speed, i.e. medium-high speed and low speed, respectively [2-
7]. In the medium-high speed range, the fundamental frequency 
machine voltage equation is often used to obtain the rotor 
position information contained in the machine back-EMF 
voltage [2]. In the low speed range, due to the low back-EMF 
voltage, High Frequency (HF) signal injection methods based 
on the HF machine voltage equation are used to detect the rotor 
position by tracking the motor inductance saliency. Typical 
methods are sinusoidal signal injection in the αβ-reference 
frame [3] or in the estimated dq-reference frame [4]; square-
wave signal injection [5] and pulse-based injection methods [6, 
7], etc. 
The direction of the rotor d-axis is aligned with the rotor 
north pole of PMSM. Often the d-axis is slight saturated by the 
permanent magnet flux, which introduces a small saliency to the 
SPMSM. However the cross-saturation effects caused by the 
load current will influence the motor inductances and 
consequently the orientation of the motor saliency [17]. 
Independent of the injection scheme chosen, this phenomenon 
will influence the accuracy of the position estimation for HF 
injection based sensorless drive [17]. This load-dependent 
position estimation error is an inherent feature in HF injection 
sensorless methods, which is difficult to be corrected by the 
sensorless methods themselves [18].  
Using Finite Element Analysis could accurately calculate 
machine HF self- and mutual- inductances at different loads for 
determining this load-dependent position error. But this 
requires detailed knowledge of the machine which is often not 
available for the end users [9]. These HF inductances or detailed 
machine flux-map may also be obtained through dedicated 
offline measurements [10]. The main challenge here is that 
since this error is load-dependent, during the measurement, the 
machine has to be locked while the load current is present for 
keeping the machine at standstill. Extra shaft locking device is 
therefore needed and this is not convenient. To solve this 
problem, attempts have been made to maintain a quasi-standstill 
condition with special injection signals for obtaining the 
machine flux-map without rotor locking [23-26]. However, 
accurate terminal voltage information is always needed, which 
requires dedicate hardware for PWM voltage measurement or 
accurate inverter voltage error compensation.  
An alternative solution could be to utilize the estimated 
position from the back-EMF sensorless method as a reference 
since the cross-saturation effects have limited influence on the 
back-EMF based sensorless methods [13]. Therefore, in 
medium-high speed range, with back-EMF sensorless method 
applied, the HF inductances could be obtained by injecting HF 
signal [14]. This requires implementing back-EMF and HF 
injection sensorless methods together in the medium-high speed 
operation range, where the position estimated from back-EMF 
based sensorless methods is taken as the reference (real) 
position [13]. However, in contrast to the statement in [13], the 
cross-saturation effects caused significant position estimation 
error in the extended back-EMF based sensorless method [27]. 
This complicates the situation if the back-EMF based sensorless 
method can provide a reliable reference position for correcting 
the position estimated from the HF injection based sensorless 
method or not. 
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These methods either need detailed knowledge of the 
machine geometry, or accurate voltage measurement together 
with (preferably) an additional shaft-locking device, 
introducing application inconveniences. Attempt has been 
made to acquire this load dependent position error without a 
shaft locking device and voltage measurement. This turns out to 
be not easy, since the measurement has to be performed with 
the q-axis current present and driving torque will be generated. 
Injection of pulsed q-axis currents (torques) with opposite 
directions to the machine to keep it at nearly standstill has been 
tried in [11]. Then during this short duration with saturation 
introduced by the q-axis current, the resultant position 
estimation error may be obtained by parabolic curve fitting with 
the assumptions of a small position estimation error, constant 
dq-axes inductances, neglected resistive voltage drop, etc. [11]. 
However, it may be noticed that almost all the existing position 
estimation methods are based on the machine voltage equation, 
which by nature is affected by the cross-saturation effects. As a 
matter of fact, the cross-coupling effects have limited influences 
in the torque equation for SPMSM. In this paper, a new attempt 
to utilize the torque equation to online identify this load-
dependent position error is fully explored. The method turns out 
to be simple to use and it gives satisfactory results.  
In this paper, the analysis of the cross-saturation effects on 
the sensorless drive, as briefly discussed in the previous 
conference paper [19], is elaborated. The load-dependent 
position estimation error detection method using the torque 
equation is fully examined. Moreover, a new online detection 
method is proposed in this paper to help reduce the calculation 
burden compared with the method proposed in the previous 
conference paper [19] for SPMSM. Based on the proposed 
method, the real online position estimation error 
identification/compensation method could be achieved without 
affecting the pulse-based injection sensorless control method 
for normal sensorless operation of the drive. The motor load-
dependent HF inductance information or additional devices (a 
rotor-locker or a special load system) are not required. The 
proposed method could online detect and compensate the load-
dependent position estimation error simply and effectively, 
which has been verified experimentally. 
This paper is organized in the following manner. In section 
II, the machine HF model used for position estimation in the 
low speed range is presented with the influence of the cross-
saturation effects as well as the load-dependent position 
estimation error explained. In section III, the proposed on-line 
identification/compensation methods based on the PMSM 
torque equation, with or without the reluctance torque 
component, are explained in detail. The experimental 
verifications of the proposed online detection method are given 
in section IV. Section V concludes this paper. 
 
II. FUNDAMENTALS OF PMSM SENSORLESS CONTROL WITH 
LOAD-DEPENDENT POSITION ESTIMATION ERROR 
A sensorless Field Oriented Control (FOC) system of 
PMSM is shown in Fig. 1. In the low speed range, HF signal 
injection method is employed to obtain the rotor position, which 
is essential for reference frame transformations in the FOC 
system. In this paper, to avoid the uncertainties of motor 
terminal voltages and motor parameters, only measured line 
currents are used in the position estimation. Meanwhile, in order 
to avoid the filters used in the sensorless algorithm, pulsed 
signal injection method similar to [7], which will be illustrated 
in the following part, is used in this paper. In the SPMSM drive 
system, the angle β between the current vector and the d-axis is 
often set to 90 electrical degrees, and the d-axis current 
command is zero. In order to keep the electromagnetic torque 
constant with different current vector angle β, the drive system 
is operated in speed control mode as illustrated in Fig. 1. Speed 
control can find many industrial applications such as pumps and 
fans.  
ω*
uα
*
uβ
*
VDC
PI
SV
PWM
PI
PI αβ 
+-
PMSM
iabcαβ 
abcαβ 
iα
iβ 
Sensorless
algorithm
ˆ
r
ˆ
r
+- +
+
+
+
HF
Injection
sinβ 
+-cosβ 
i*
d̂
i
ˆˆdq
q̂i
*
d̂
i
*
q̂i
*
q̂u
*
d̂
u
 
Fig. 1. Tranditional sensorless drive system. 
The voltage equations of the PMSM in the machine real dq-
reference frame are shown as: 
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 (1) 
where ud, uq, id, iq are the stator dq-axes voltages and currents 
respectively; Ld, Lq are the dq-axes self-inductances 
respectively; 
dq qdL L [16] are the cross-coupling inductances 
caused by the cross-saturation effects due to the load current; R 
is the stator resistance; ωr is the rotor electrical speed; λd, λq are 
the dq-axes flux linkages respectively and λmpm is the peak value 
of the rotor PM flux linkage.  
To estimate the rotor position, two pulsed voltage vectors 
(
d̂
U ) with opposite directions are injected in two switching 
periods successively as shown in Fig. 2(a), where ˆ _[k 2]qi   is the 
sampled current at the beginning of the [k-2]th switching period; 
ˆ _[k]( )qi   is calculated in the [k]
th switching period based on 
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the previous three sampled currents ˆ _[k 2]qi  , ˆ _[k 1]qi   and ˆ _[k]qi . 
The voltage command for FOC is held constant for these two 
switching periods during the opposite pulsed voltage vector 
injections (Fig. 2(a)). This is to avoid additional current 
variation that may be introduced by different FOC voltage 
commands in these two switching periods. The controller is 
therefore updated at half of the switching frequency. 
This method is similar to the square wave pulsating injection 
method [5]. The signal processing part has been modified to 
avoid using filters and it is a simple (no filters) and effective 
method [28]. This method is therefore adopted in this paper for 
normal sensorless operation of the drive. For PMSM drive, to 
reduce the current ripple on the q-axis (thus the torque), it is 
preferred to inject voltage vectors on the estimated d-axis ( d̂ ). 
The obtained current variation ˆ( )qi  , fed to a Phase-Locked 
Loop (PLL) to generate the estimated position (Fig. 2(b)), is 
updated every two switching periods as well.  
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Fig. 2. Implementation of the pulsed injection method for sensorless control. 
(a) Injection scheme, (b) PLL for position estimation. 
When considering machine small signals at a much higher 
frequency than the fundamental frequency, it may be assumed 
that the resistive voltage drop, and back-EMF voltage 
component, etc., do not change during two neighboring 
switching periods [7]. Therefore, based on the aforementioned 
pulse injection scheme, by applying (1) in the first and second 
switching periods respectively and then subtracting these two 
voltage equations, (1) is reduced to [7]: 
 
_ _
_ _
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 (2) 
where   represents the difference between the two 
neighboring switching periods, 
_ ( , )d HF d qL i i , _ ( , )q HF d qL i i  are 
the load-dependent dq-axes HF self-inductances respectively 
and 
_ ( , )dq HF d qL i i  is the load-dependent HF cross-coupling 
inductance caused by the cross-saturation effects due to the load 
current. 
 Since 
_ _( , ) ( , )dq HF d q qd HF d qL i i L i i  [16], (2) could be 
decoupled by transforming it into a special ' 'd q  reference 
frame, where the 'd -axis leads the d-axis by an angle of   (as 
illustrated in Fig. 2). This transformation gives (3), where 
'du , 
'qu , 'di , 'qi  are the stator voltages and currents respectively in 
the ' 'd q -reference frame.   is the load-dependent position 
error caused by the cross-saturation effects. It can be found that 
  should satisfy (4) for removing the cross-coupling term. In 
this sense, this 'd -axis is regarded as the magnetic d-axis.  
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 When considering sensorless operation, since only 
estimated position information can be obtained, it is needed to 
transform (2) to the estimated ˆ ˆdq -frame, and (5) can then be 
obtained  
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where 
d̂
u , q̂u , d̂i , q̂i  are the stator voltages and currents 
respectively in the estimated ˆ ˆdq -reference frame; r  is the 
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position estimation error between the real rotor position (
r ) 
and the estimated rotor position ( ˆ
r ), i.e. 
ˆ
r r r    as 
indicated in Fig. 3(a). When the injection scheme is chosen as 
Fig. 2(a), where two opposite voltage vectors are injected only 
on the estimated d̂ -axis, the following equation can be 
obtained as: 
 
ˆˆ 0 1 1
ˆ1 0 1
2 cos 2( ) sin 2( )
0 sin 2( ) cos 2( )
r r dd
qr r
iU L L L d
idtL L L
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      
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(6) 
Following a similar equation derivation process given in 
[19], it is found that the position information is contained in the 
estimated q-axis ( q̂ ) current as: 
 
ˆˆ ˆ 1
2 2
0 1
2( )
sin(2 2 )
q q d
r
s
L Ud i i
dt T L L
 
  
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
 (7) 
where 
sT  is the switching period. It is obvious that from (7), 
only ˆ( ) 0r r r          can be obtained from the 
measurable variable ˆ( )qi   by feeding it to a PLL position 
estimator (Fig. 2(b)). Thus ˆr r    , and the estimated d̂ -
axis aligns with the d′-axis, leading the real rotor position by an 
angle of  , as shown in Fig. 3(b). 
In order to estimate the real rotor d-axis, the position 
estimation error  has to be obtained from other methods. Fig. 
4 shows the measured average load-dependent position error   
at different loads with the assistance of an encoder and 
ˆ
r r    . The red marks in Fig. 4 are the measured results 
and the dashed line is the fitted curve. It is obtained that   is 
zero when iq=0A, since there is no cross-coupling, i.e. 
_ ( , ) 0dq HF d qL i i  . To achieve an ideal no-load condition, the 
load machine is controlled to provide a positive torque 
cancelling the frictional torque (therefore zero q-axis current). 
The measured average position error becomes zero, as shown in 
Fig. 4. Moreover, it clearly shows that   increases when the 
load (q-axis current) increases. This linear behavior is not 
unique for this machine. Similar profiles can be found for other 
machines using different sensorless methods as well [1], [13], 
[17]. 
III. PROPOSED METHOD BASED ON TORQUE EQUATION 
A. Load Dependennt Position Error Detection Based on the 
Torque Equation 
As discussed in section II, based on the voltage equation, 
without the knowledge of the load-dependent HF inductances, 
the position estimation error   cannot be determined or 
identified by the sensorless algorithm itself. However, for 
online identification, it might be possible to take the advantage 
of constant machine torque when running the machine at steady 
state. The torque equation, which is well-known as given in (8), 
can be used as a new method for the load-dependent position 
error   online detection.  
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Fig. 3. (a) Relationship between different reference frames, d, d′ and d̂  -axes 
representing the real (unsaturated), machine magnetic (saturated) and 
estimated rotor positions respectively; (b) under sensorless operation.  
 
Fig. 4. Measurement result of the average load-dependent position error   
under different load conditions. Red marks are the measurement values and the 
dashed line is the fitted curve. 
 
3
[ ( ) ]
2
e mpm q d q d qT p i L L i i    (8) 
eT  is the electromagnetic torque and p is the number of pole 
pairs.  
The torque equation given in (8) is related to the real dq-
axes currents. However, in sensorless drives, only the estimated 
position and the current components on the estimated dq-axes 
are available. The load-dependent position error   will 
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introduce errors to the dq-currents used for the torque 
estimation, as: 
 
0 1 1 0
1 1 0 1 1 0
3
= sin( )
2
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         ( ) sin( ) cos( )
2
e mpm
d q
T p i
p L L i i
  
   

   
 (9) 
where 
0eT  is the load torque; 0  is the load-dependent position 
error corresponding to this load torque 
0eT ; 1i  is the current 
vector magnitude of an operation point and 
1  locates this 
current vector with respect to the d′-axis, as illustrated in Fig. 5. 
It could be observed that there are two unknowns 
0  and 0eT  in 
(9). If the constant load torque 
0eT  could be obtained by a 
torque transducer, then for this particular torque, 
0  could be 
solved based on (9). But to use a torque transducer in the drive 
system is not realistic. Therefore in order to solve for the two 
unknowns, one more equation based on (9) but at another 
operation point 
2i  should be introduced. This is achieved by 
simply varying the current vector angle β from 
1  to 2 . Then 
the two unknowns could be obtained by solving the two 
equations based on 
1i  and 2i  with the motor parameters listed 
in the experiment section Table II. 
 Equation (9) is a nonlinear equation and is difficult to get its 
solution. An intuitive way showing the principle of the 
proposed method is illustrated in Fig. 6. Angle   is unknown, 
but we could allow this angle to change from -90 degrees to 90 
degrees artificially, then the corresponding torque can be 
obtained from (9) for these two different operation points. The 
intersection point is the solution of these two equations, where 
0   and 0e eT T , as illustrated in Fig. 6. 
0
1i 2
i
d
q
2
d 
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
Fig. 5. Load-dependent position error 0  detection based on torque 
equation. 
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Fig. 6. Two curves of estimated torque versus estimated load denpedent 
position error based on the obtained operation points (i1, i2) for the same load 
torque (Te0). 
B. Simple Load-dependent Position Error Detection of 
SPMSM Neglecting the Saliency 
Fig. 6 is only used to illustrate the basic idea of the proposed 
load-dependent position estimation error identification method. 
To solve the two nonlinear equations analytically for finding 
0  is not easy. Easy-to-implement calculation methods that can 
be used online to find the intersection point 
0 of the two eT  
versus   curves need to be developed. Since the reluctance 
torque is low in SPMSM, if neglecting the saliency of SPMSM, 
the torque equation (8) can then be simplified to 
 
3
( )
2
q e mpmi T p . (10) 
For the same load torque, the line linking the two terminals 
of two different current vectors ( 1i , 2i ) will be parallel to the 
real d-axis as shown in Fig. 7. Thus the real d-axis can be 
detected by simply varying the current vector angle. The 
implementation procedure is shown below.  
First, the current vector is applied to the estimated q-axis, 
i.e. ˆ 0di   and 1 90   , and the actual current vector 1i  
required at this operation condition can be recorded. Then the 
current vector is rotated to a new position, where the angle is 
changed to 
2 . The actual current vector 2i  required for the 
same load torque can be obtained. Finally, the direction of 
2 1i i  (red vector in Fig. 7) can be obtained, which is aligned 
with the machine real d-axis, since the vector 2 1i i  must be 
perpendicular to the machine real q-axis, for producing the same 
motor torque. The load-dependent position error can then be 
calculated in the estimated dq-axes, as: 
 
ˆ ˆ2 1 2 2 1 1
0
ˆ ˆ 2 2 1 12 1
sin( ) sin( )
arctan arctan
cos( ) cos( )
q q
d d
i i i i
i i i i
 

 
 
   
 
(11) 
It is observed from (11) that no machine parameters are 
need in (11) for finding the desired load dependent position 
estimation error.  
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Fig. 7. Simple load-dependent position error 
0  detection method. 
C. Load-dependent Position Error Detection and 
Compensation for SPMSM with Saliency 
In SPMSM the d-axis is often slight saturated by the 
permanent magnet, which introduces a small saliency. The 
above proposed simple   detection method neglecting the 
saliency may be further extended to handle the SPMSM with 
machine saliency. It should be noted that the machine torque 
curve is no longer parallel to the machine d-axis, due to the 
existence of the machine reluctance torque. There is an angle 
shift δ between the real d-axis and the direction of 2 1i i , as 
shown in Fig. 8. The new constant torque (
0eT ) curve could be 
drawn according to the following equation, which is derived 
from (8). 
 0
2
( )
3 [ ( ) ]
e
q d
mpm d q d
T
i f i
p L L i
 
 
 (12) 
According to Lagrange's mean value theorem, there exists a 
point 
0 1 2( , )d d di i i  that makes 
0
2 1
2 1
d
q q q
d d di
di i i
di i i



. This means 
the slope of the line formed by 2 1i i  (therefore the angle δ) in 
the real machine dq-axes can be calculated by: 
 0
2 1 0
2
2 1 0
2 1
2 1
( )2
*
3 [
arc
( ]
n
)
ta
d
q q q d qe
d d d mpm d q di
q q
d d
i i di L LT
i i di p L L i
i i
i i


  
 
  



 (13) 
 Comparing Fig. 8 with Fig. 7, it can be noted that the vector 
2 1i i  is no longer aligned with the machine real d-axis, but 
with an error of δ. Moreover, it should be noticed that the 
current used in (13) is in the real dq-reference frame, which is 
different from the current components used in (11). Besides, the 
current id0 is unknown. However, for SPMSM with saliency, 
due to the fact that the PM torque is predominant and the 
reluctance torque is small, id is much smaller than iq, and 
0( )d q d mpmL L i  . Then the error δ can be estimated as: 
 0
2
( )2
arctan[ * ]
3 ( )
d qe
mpm
L LT
p 

 
  (14) 
 Since the reluctance torque is small, similar to (10), the 
machine torque needed in (14) can be estimated by: 
 ˆ0 1
3
2
e mpm qT p i  (15) 
 Therefore, the angle caused by the involvement of the 
reluctance torque can be estimated by:  
 
ˆ1( )
arctan
q d q
mpm
L L i



  (16) 
The ̂ to be estimated includes two components 
accordingly (due to the PM interaction torque (11) and due to 
the reluctance torque (16), respectively): 
 
2 2 1 1
0
2 2 1 1
1 1
sin( ) sin( )
arctan
cos( ) cos( )
( ) sin( )
     arctan
q d
mpm
i i
i i
L L i
 

 



 



 (17) 
It can be observed from (17) that no HF inductances or 
cross-saturation inductances (as indicated in (7)) are required in 
the calculation of 
0 . Only the constant fundamental frequency 
inductances ,  d qL L and PM flux mpm , which can be obtained 
by machine parameter identification methods e.g. [21] or from 
motor datasheet, are involved in the calculation. For example, 
in this paper, the constant fundamental frequency inductances 
 and d qL L  are measured by a simple current step response of a 
RL equivalent circuit of the machine at no load and zero speed. 
mpm is obtained from the machine speed constant given in the 
datasheet.  
0
0
( )
e e
q d T T
i f i


d
q
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d

d 
d 
q
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0d
q
d i
di
di
1i 2i
 
Fig. 8. Load-dependent position error 0  detection considering the 
reluctance torque. 
When Ld and Lq are not equal, the additional angular shift 
  of the vector linking the terminals of the current vectors at 
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two different locations will appear as shown in Fig. 8 and (13), 
which is further simplified to (16). When deriving (16), it is 
assumed that the torque is calculated by the q-axis current in the 
estimated frame, i.e. (15). This estimated frame q-axis current 
may differ from the real q-axis current due to the existence of 
the position estimation error 
0 (Fig. 8). The influence of 
neglecting 
0  in (15) and (16) is discussed below using the 
parameters of the PMSM listed in Table II: 
When the machine is operated with an encoder and under 
full load toque ( 4Aqi  ), the position error 0  is changed 
manually from -20 degrees to 20 degrees. It is clear from Fig. 8 
that 
1  for locating current vector 1i  is 90 degrees away from 
the estimated d-axis, i.e. ˆ1 1qi i . The angle   could be 
calculated from (16) for different 
0  values as: 
TABLE I.  0  INFLUENCE ON (16) 
0  [degree] -20 -10 0 10 20 
  [degree] 6.4 6 5.8 5.8 6 
When 0 0   , 1i  is on the real q-axis and the estimated 
frame q-axis current is the real q-axis current. It is at the ideal 
situation. When 0 20     , ˆ1qi  used in (16) is at its worst case in 
this study. But it could be observed from Table I that when
0 20    , the calculated 6.4    , where there is less than one 
degrees error compared to the ideal situation value of 
0 0
5.8


 
  . In addition, it should be pointed out that (16) is the 
second term of the calculated position error of (17). The first 
term in (17) is not affected by this angle   . Thus, this less than 
one degrees error introduced by using (16) to approximate (13) 
or (14) will have even less influence in (17). 
The load-dependent position error   detected by the 
proposed method, can be compensated when performing pulse-
based sensorless control to the drive system, as illustrated in 
Fig. 9. 
PI
ˆ
r r   
iabc abc
ˆˆdq
(17)
1 1
2 2
i
i





 used 
in FOC
r


1/s
ˆ( )qi  ˆr
 
Fig. 9. Position estimation error compensation. 
The flow chart of the proposed load-dependent position 
estimation error compensation method is summarized in Fig. 
10. First, during the steady state operation with the pulse-based 
sensorless method (7), the current 
1i  can be obtained while 
1  . Then the current angle is changed to 2  to obtain 2i . 
Thereafter, according to (17) the load-dependent position error 
can be calculated and compensated consequently as shown in 
Fig. 9. It should be pointed out that this detection method should 
be applied each time when a load torque variation is detected. 
 
Steady state 
Operating 
with (2)
Varying 
current 
angle 
1
1
 
90
obtainedi
   
2
2  obtainedi
 
Changing current angle back
0
1 90
 detected accoring to (17)
compensation (Fig. 9)

   
 
Fig. 10. Flow chart of the proposed load-dependent position error 
compensation method. 
IV. EXPERIMENTAL VERIFICATION AND DISCUSSIONS 
 
 
Fig. 11. Experimental setup for testing the proposed method. 
TABLE II.  PARAMETERS OF THE USED SPMSM 
Parameters of SPMSM 
Rated power [W] 400 
Max. phase voltage [V] 380 
Rated current (RMS) [A] 2.9 
Rated speed [rpm] 2850 
Rated frequency [Hz] 95 
Stator resistance [Ω] 2.3 
d-axis inductance 
dL  [mH]  
10 
q-axis inductance 
qL  [mH] 
13 
PM flux linkage [Wb] 0.12 
Pole pairs 2 
System inertia [kg·m2] 1e-3 
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A SPMSM drive system, as shown in Fig. 11, is built to 
verify the proposed load-dependent position estimation error 
detection method. The parameters of the SPMSM are listed in 
Table II. A 500W DC motor is employed as the load machine. 
A Danfoss FC302 voltage source inverter is used to drive the 
SPMSM, where the control is achieved through a DSP-
TMS320F28335 with a switching frequency of 5 kHz. An 
incremental encoder with 2048 lines per revolution is mounted 
on the SPMSM to provide the reference of the real rotor position. 
To show the phenomenon of the position estimation error 
caused by the load current in low speed sensorless drive, an 
experiment is carried out with 50% load step at 15 rpm as shown 
in Fig. 12. It can be seen from Fig. 12 that before load step the 
average position error is -1.2°, which is due to the small no-load 
current for overcoming the frictional torque. After 50% load 
step, the position estimation error r  reaches -8.4°, which is 
mainly due to the cross-saturation effects caused by the load 
current.  
According to the aforementioned load-dependent position 
error detection method described in section III.A, two different 
working points are chosen as current vectors located at 
1 90    (for normal operation) and at 2 78    (for 
detection), respectively. Regarding the value of 
2 , first it is 
preferred to choose 
2 1   to keep the operation point not 
further away from the desired operation point, since the load 
dependent position error is 0   in PMSM. If 1 2   is too 
small, then the difference between 1i  and 2i  may be too small 
to be regarded as two different working points. In the 
experiment, it is observed that when 
1 2  is larger than 10 
degrees, the two operation points show a clear difference. 
In Fig. 12, at about 10s, the second current vector angle at 
2 78    is applied for 2s (with obvious estimated d-axis 
current appearing). Then two steady state operation points can 
be obtained. With these two points, the two estimated torque 
curves can be formed (as Fig. 6) with the intersection point 
identified to be at 0 8   (as shown in Fig. 13), which agrees 
well with the measured value of 8.4° from the encoder. However, 
observing the intersection point from the two curves shown in Fig. 
13 (as the ideal solution) is difficult to be implemented online.  
 For online calculation, according to section III.C, with these 
two measurement points, the estimated load-dependent position 
error can be calculated directly from (17), which gives a good 
estimation of 0 7.6   . After the 2s implementation of the 
current vector angle 
2 , the current vector angle varies back to 
1 90  with the identified 0  of 7.6° compensated, as shown in 
Fig. 12. It could be observed that the position estimation error 
r  
is only -0.8° after compensation, which shows the effectiveness of 
the proposed load-dependent position estimation error online 
detection method. 
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Fig. 12. Experimental results of the position sensorless drive under 50% load 
torque step at 15 rpm with position error compensation. From top to bottom: 
real and estimated speed, real and estimated rotor position, position error, 
machine currents in the estimated dq-frame. 
 
 
Fig. 13. Two curves of estimated torque versus position estimation error based 
on the experimentally obtained operation points (i1, i2) with 50% load torque. 
    [degree]
  
  
[N
m
]
e
T
0 8  
1 90  
2 78  
e0 (50% load)T
0093-9994 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2019.2958792, IEEE
Transactions on Industry Applications
 
Fig. 14. Experimental results of the position sensorless drive under 100% 
load torque step at 15 rpm with position error compensation. From top to 
bottom: real and estimated rotor position, position error, machine currents in 
the estimated dq-frame. 
Fig. 14 shows the performance of the SPMSM drive using 
the proposed method with 100% load step at 15 rpm. It could 
be seen that a big position estimation error 15.4r     is 
present with 100% load. With the proposed method two working 
points can be obtained with the current vector placed at 90 and 78 
degrees respectively, and the estimated load-dependent position 
error from (17) is 
0 17.1   . After compensation, the average 
position estimation error 
r  becomes 1.7° only. 
It should be noted that the proposed method should only be 
performed at steady state. Therefore, when the load change is 
detected by the speed feedback, the proposed method should be 
performed after the system reaches a new steady state again as 
shown in Fig. 15. First a 50% load is applied to the sensorless 
system similar to Fig. 12, where the position estimation error 
r  is -0.8° with the compensation angle of 0 7.6   . Thereafter 
a full load torque step, the proposed method is applied again 
giving a new result 
0 8.3   . Thus after compensation the 
average position estimation error 
r  becomes -0.9°. 
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Fig. 15. Experimental results of the position sensorless drive with load torque 
step from 50% to 100% at 15 rpm with position error compensation. From top 
to bottom: real and estimated rotor position, position error (where 
_ 0 8.4r mean    , _ 1 0.8r mean    , _ 2 8.8r mean    , _ 3 0.9r mean    ), 
machine currents in the estimated dq-frame. 
Since the proposed method (17) is parameter dependent, the 
parameter sensitivity is therefore analyzed below. Assuming the 
parameter ( )d qL L  will change 30%  comparing with the 
real machine parameter, the obtained load-dependent position 
errors by following the same principle shown in Fig. 6, are 
shown in Fig. 16. It could be observed from Fig. 16 that in case 
of 30%  parameter inaccuracy, there will be less than 2 degrees 
error in the proposed detection method. Correspondingly, the 
calculated position estimation errors using the simplified 
implementation approach, i.e. (17), are 
70%( )
15.5
d qL L


  , 
100%( )
17.1
d qL L


  , 
130%( )
18.9
d qL L


   respectively, agreeing 
well with the results indicated in Fig. 16. Meanwhile, during 
normal operation, the real PM flux may decrease together with 
the decrease of (
d qL L ) due to the saturation effects, which 
means the values used in the calculation based on (17) will be 
higher than the real saturated machine parameters. Therefore, 
120% 
mpm  and 130% ( )d qL L  are applied in (17). The 
calculated position estimation error in this case is 
130%( ) & 120%
17.7
d q mpmL L 


  , which shows a better result than 
the calculation result with 130% ( )d qL L  change only. 
Althrough the previous study based on dedicated Finite 
Element Analysis and other studies such as [9], [28] have 
proven that the distorted inductance profiles caused by load 
current related saturation will introduce position estimation 
error, other issues like the sensorless method itself may also  
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Fig. 16 Parameter sensitivity verification, position estimation error 
calculation based on inaccurate parameters (a) 70%(
d qL L ); (b) 100%
( )d qL L ; (c) 130%( d qL L ). 
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Fig. 17 Experimental results with 10 degrees pre-set position error.  
introduce position estimation error. It is worth to point out here 
that the proposed method in principle is an universal position 
error detection and compensation method. Not only the error 
introduced by the cross-saturaiton efftects but also the error 
from other sources could be detected by the proposed method. 
To verify this, an experiment is carried out where an articicial 
error of 10 degrees is added to the rotor real position. The 
detection method used in other experiments is used here (i.e. 
1 90    and 2 78   ) and the estimated-frame 
ˆ ˆdq  currents 
are shown in Fig. 17. The calculation result by using the 
measured currents and (17) is 9.9 degrees, which matches the 
pre-set error very well. 
 
The proposed method is based on the torque equation. As 
long as accurate machine parameters are used, it can give 
accurate results. However, in this paper, a great effort is made 
to allow to use machine datasheet parameters for simplified 
calculation and online implementation, instead of solving two 
nonlinear equations (e.g. (9) and Fig. 6). 
Besides its possible online application feature, the proposed 
method may also be considered as a calibration method for 
saliency tracking based sensorless methods for SPMSM. The 
sensorless drive needs to be connected to a load and is in speed 
control mode, which is quite common for a normal test bench. 
Without the needs of an extra shaft-locking device, dedicated 
hardware for accurate PWM voltage measurement or accurate 
inverter nonlinear voltage error compensation for flux map 
measurement, the position error could be detected and then 
compensated by simply varying the orientation of the current 
vector. 
 
V. CONCLUSION 
In this paper, the position estimation error caused by the 
load current in HF injection sensorless drive is analyzed first. 
Then a simple and effective method to online detect and 
compensate the load-dependent position estimation error is 
proposed especially for SPMSM sensorless drive in low speed 
range, without requiring additional devices or HF inductances 
information. In speed controlled mode and in steady state, the 
proposed method beneficially utilizes the torque equation which 
is much less influenced by the cross-saturation effects that often 
introduce difficult-to-compensate position estimation errors 
when using the machine voltage equations and HF signal 
injection methods for position estimation in the low speed 
range. It has been demonstrated that the proposed method can 
effectively detect the load-dependent position estimation error 
by simply varying the orientation of the current vector. 
Satisfactory results are obtained when the load-dependent 
position error compensated. 
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